Type IV collagen forms a network that provides the major structural support for basement membranes. Basement membranes are specialized forms of extracellular matrix with important functions in development. One collagen gene (Dcgl) was characterized in Drosophila melunogaster and shown to encode a collagen chain related to vertebrate basement membrane type IV collagen chains. Therefore, to access the functional importance of type IV collagen during Drosophila myogenesis, we adopted two different approaches to decrease the Dcgl gene expression in Drosophila embryos. We describe, here, that the decrease in Dcgl gene expression causes, in particular, defective muscle attachments. These mutant phenotypes suggest that type IV collagen acts to stabilize cell-matrix interactions.
Introduction
Muscle development, in vertebrates, is initiated by the commitment of mesodermal cells to the myogenic lineage. The mononucleated cells undergo a series of events including cell fusion, myotube migration towards their attachments, formation of muscle-ectoderm attachments and synthesis and assembly of myofibrillar proteins to form a specific and functional cytoarchitecture.
Controlling the onset and progression of this process is a complex set of interactions between myoblasts or myotubes and their environment.
Several types of evidence point to the importance of extracellular matrix (ECM) molecules as part of the signaling mechanism in all the steps of myogenesis (Menko and Boettiger, 1987; Nandan et al., 1988 Nandan et al., , 1990 Swasdison and Mayne, 1991) . The effects of ECM components appear to be mediated via specific receptors such as the integrin (Ruoslahti and Pierschbacher, 1987; Hynes, 1992 Hynes, , 1994 . For example, the addition of the RGDS peptide to myoblast cultures (which interferes with binding to several matrix molecules) or an antibody to cell surface matrix receptors, inhibits myoblasts fusion * Corresponding author. and further differentiation (Buck and Horwitz, 1987; Menko and Boettinger, 1987; Ruoslahti and Pierschbather, 1987) . Treatment of culture with transforming growth factor /I results in the inhibition of fusion which is related to the action of the growth factor in causing increased deposition of extracellular matrix (Olson et al., 1986) . Furthermore, analogues of proline that inhibit collagen formation also inhibit fusion (de la Haba and Bricker, 1981) . In addition, studies of a collagen-binding protein (gp46) have suggested a requirement for collagen synthesis in myogenesis: mutants with decreased levels of this protein (and abnormal collagen synthesis) lack the ability to fuse (Cates et al., 1984 (Cates et al., , 1987 . Another function of ECM could be to influence the assembly or stability of cytoskeletal and myofibrillar proteins (Hilenski et al., 1989 (Hilenski et al., , 1991 Borg et al., 1990) . Shortly after myotubes form, contractile proteins assemble into myofibrils. The nascent myofibrils emanate from the adhesion plaque-like structures (Lin et al., 1989) . The topological juxtaposition of internal cytoskeletal components with receptors for ECM components at focal adhesions sites and Z bands suggests that ECM components may play a role in assembly and/or maintenance of myocyte architecture (Hilenski et al., 1992; Lakonishok et al., 1992) .
In the developing Drosophila embryo, the ECM af-09254773/96/$15.00 0 1996 Elsevier Science Ireland Ltd. All rights reserved PII fects cell differentiation and proliferation, provides an environment for cell migration, and serves as a substratum for guidance and adhesion (Bard, 1990) . Genes encoding several major classes of ECM adhesion molecules (Fessler and Fessler, 1989) , as well as cell adhesion molecules (Hortsch and Goodman, 1991; Goodman and Doe, 1993) , have been identified and characterized in Drosophila. These molecules show striking structural similarities to their vertebrate counterparts, suggesting a conservation in function (Hynes, 1992) . ECM components (type IV collagen, laminin, papillin, tiggrin and other macromolecules) are essentially produced by hemocytes (or mesoblasts), large cells dispersed throughout the open circulatory system of Drosophila embryos (Le Parco et al., 1986; Fessler and Fessler, 1989; Foggerty et al., 1994) , and form a selective basement membrane coating, for example, the larval muscles (Fessler and Fessler, 1989; Le Parco et al., 1989; Foggerty et al., 1994) . This specific localization of the ECM components suggests they partake in the myogenesis process. As in vertebrates, the presence of integrin, cytoskeletal and ECM components at focal adhesion sites, suggests the participation of basement membrane proteins in the formation of the sarcomeric cytoarchitecture (Bogaert et al., 1987) . In addition, localization of ECM macromolecules at muscleepidermis insertion or apodeme sites suggests also their involvement in muscle attachments (Fessler and Fessler, 1989; Le Parco et al., 1989; Baumgartner and ChiquetEhrismann, 1993; Foggerty et al., 1994) . The functional roles, in vivo, of most of the Drosophila ECM components in myogenesis have not been defined precisely for want of informative mutant phenotype. Therefore, their participation in this process has been suggested, indirectly, by the analysis of mutations in the genes encoding the ~PSZ and pps subunits. These studies have shown that integrins are essential for the formation of stable Z bands (Volk et al., 1990 ) and also to stabilize strong attachments between cells. These associations appear to be mediated by ECM components (Newman and Wright, 1981; Bogaert et al., 1987; Leptin et al., 1989; Volk et al., 1990; Brown, 1994; Brower et al., 1995) . Recently, a new contribution on the function of ECM components during myogenesis has been described (Mugugasu-Oei et al., 1995) . The authors describe a secreted molecule encoded by the Drosophila mascarade gene. Total loss of mas function causes defective muscle attachments.
Therefore, the genetically manipulable Drosophila model gives us the opportunity to explore, in vivo, the functional importance of type IV collagen in myogenesis. We adopted a different 'inactivation' approach for the resident Dcgl gene by integrating an antisense or truncated Dcgl gene into the fly's genome and measuring resulting expression on myogenesis. In the second construction, the expression of a partially truncated collagen chain can interfere with the folding into a stable triple helix and cause degradation of all three pro chains in a process referred to as 'procollagen suicide' (Prockop et al., 1990) .
In this paper, we demonstrate that the underexpression of type IV collagen in embryos induces a range of perturbations in myogenesis. Thus, the altered muscular phenotype observed in these two sets of experiments was correlated with quantitative expression of transgene compared to the expression of resident Dcgl gene, and the amount of collagen protein in the embryos.
Results

Expression of the transformed genes in flies
To assess the functional importance of type IV collagen during Drosophila myogenesis, we used different approaches to perturb Dcgl gene expression. This consisted of the integration of a partially truncated or antisense Dcgl gene under heat-shock promoter into the fly's genome. In the transformed flies, it is thus possible to induce endogenous antisense or truncated Dcgl mRNA in a controlled manner and thus decrease Dcgl gene expression at critical developmental stages. The inducible expression of antisense Dcgl mRNA was obtained by placing Dcgl gene in reverse orientation under the control of the hsp70 promoter. As a control, Dcgl gene was cloned in sense orientation under the control of the same promoter. The sense and antisense constructs were introduced into the genome of the fly by P-element transformation. Three sense and four antisense transformant lines were obtained. For the other constructions, Dcgl gene, deleted to 800 bp in the triple helicoidal region, was placed in sense configuration under the control of the hsp70 promotor. Four lines were obtained (de1 lines). For a control, the P-transformation vector containing the intact Dcgl gene (without deletion) was introduced into the Drosophila germ line by injection (co1 line). All these lines corresponded to independent events and were homozygous viable (data not shown).
The expression of the integrated gene in the different lines of transgenic flies was assessed by PCR. All transgenie fly lines were investigated for the expression of both mRNAs corresponding to Dcgl resident gene and to transgene. The resident gene transcripts were used as references for quantification of the transformed genes transcripts. Band intensity was measured with a phosphoimager and the ratio of transgenic to resident mRNA was calculated for all the lines with or without heat-shock. These different ratios are shown in Fig. 1 . In the absence of heat treatment, in all lines, transgenic to resident mRNA ratios indicated a moderate but significant level of transgenic mRNA expression. After a single heat-shock, in co1 and de1 lines, these different ratios were greatly increased by different degrees in the different transgenic lines (Fig. 1) . Surprisingly, in sense and antisense lines, transgenic to resident mRNA ratios showed no significant H Transgenic mRNA/resident mRNA ratio without heat-shock q Transgenic mRNA/resident mRNA ratio with heat-shock increase compared to the same lines without heat-shock (Fig. 1) .
Whatever that may be, expression of transgenic mRNA, in co1 and sense lines, was correlated with an increase in collagen protein content (Fig. 2) . In contrast, the expression of transgenic mRNA, in antisense and de1 lines, was correlated with a decrease in collagen content (Fig. 2) . Therefore, in these two constructions, the major effect of tsansgenic mRNA expression was depletion of the endogenous gene product.
Quantification of collagenous protein in embryos
In order to correlate transgene mRNA expression with potential perturbations in collagen content in mutant embryos, all transgenic fly lines were investigated for the quantification of collagen content. Total collagen content of each Drosophila line was estimated as described in Section 4 (Fig. 2) . In sense and co1 control lines, which did not undergo heat-shock treatment, the amount of collagen protein increases compared to the control w-. After heat-shock, co1 line showed a significant increase in total collagen content. According to the expression of transgenie mRNA, the heat-shocked sense lines exhibited no increase in collagen content compared to the same lines without heat-shock. Nevertheless, this increase, in these sense and co1 control lines, had no effect on hatching rate (Fig. 3) . Thus, it seems that the over-expression of type IV collagen does not perturb Drosophila development. In several non-heat-shocked de1 or antisense lines, collagen level decreased compared to the control value ( Fig. 2 ). This decrease is more or less important according to the different lines. A single heat-shock amplifies the decrease in collagen content in all de1 lines. On the contrary, in the different antisense lines, like in sense lines, heat-shock does not amplify the decrease in collagen content observed without heat-shock. A good correlation may be established between the percentage of unhatched embryos ( Fig. 3 ) and embryonic collagen content (Fig. 2) . In all de1 lines, heat-shock induced a decrease in both total collagen content and hatching rate. In contrast, in antisense lines, heat-shock did not modify total collagen content, the percentage of unhatched embryos remained unchanged before or after heat-shock. Therefore, results show a direct relationship between decrease in collagen content and perturbation of the hatching rate observed in the transformed lines.
Induction of transgene expression perturbs myogenesis
In all the different lines (de1 and antisense lines), we observed the same embryonal or larval phenotypes, with only quantitative variations between the lines. However, C. Borchiellini et al. /Mechanisms qf Development 58 (1996) [179] [180] [181] [182] [183] [184] [185] [186] [187] [188] [189] [190] [191] only pictures of de1 line mutant phenotypes are shown here.
Lethal embryonic defects
Morphological analysis of unhatched embryos showed an important muscle pattern defect. Control and mutant embryos are shown in Fig 4. In wild type embryos, observed under the polarising light microscope, the somatic muscles are visible because of their birefringence properties and form a robust strap-like muscle (Fig. 4A) . In mutant embryos (Fig. 4C) , the muscle fibers fail to span the appropriate territory, and instead form a spheroid. The observation of these non-hatching embryos in serial semithin sections shows severe perturbations in muscletendinous cell attachment. In wild type embryos, the myotubes are attached at their ends to the tendon cells in the developing epidermis at the segmental boundaries (Fig. 4B) . At the ultrastructural level, the apodeme sites are shown in Fig. 4G . In collagen mutants, the segmental muscles fail to maintain their insertions at the point of attachment, creating the characteristic spheroidal morphology ( Fig. 4D-F) . Other experiments are in progress to estimate when the muscle detachment phenotype takes place in collagen mutant embryos. In addition, the cytoarchitecture of these spheroid muscles (Fig. 4E ) notably lacks defined Z-bands and is significantly disorganized compared to the wild type.
Larval phenotype
In each line, embryos which exhibited less drastic muscular perturbations could generate hatching movements. These embryos hatched with a time delay and presented movement less active and less frequent compared to the wild type. These larvae exhibited perturbations in locomotor behaviour. Their locomotor activity was severely altered and the larvae remained immobile. Mutant larvae continued growing and, occasionally, reached the third instar, but they did not increase in size. In consequence, these third instar larvae (Fig. 5B ) exhibited all the correct characteristics of third instar larvae (spiracle and n % unhatched embryos without heat-shock q % unhatched embryos after heat-shock (Fig. 5A ). Fig. 5C shows also that this larva retains the cuticle of third larval instars.
These short and fat larvae seen in serial semithin sections show perturbations in somatic muscles (Fig. 6 ). In wild type larva ( Fig. 6A,C) , the muscles are well positioned underneath the epidermis to which they are attached. Segmental muscles are strap-like in shape and extend the length of a body segment. Muscle size is directly correlated with the size of each segment (Fig. 6C) . In mutant larva ( Fig. 6B,D,E) , the muscles are still attached to the epidermis at the apodeme sites but are very short, shorter than the corresponding segment, and have a stretched appearance. Therefore, these muscles exert tension on the segmental boundaries, and then the corresponding segment forms a fold (Fig. 6D.E) .
These mutant larvae also present perturbations in visceral musculature.
Scanning electron microscopy shows control gut with circular and longitudinal layers of muscles ensheathed by a basement membrane (Fig. 7A) . In the mutant gut (Fig. 7D ) this specific aspect is lost.
At the ultrastructural level, wild type larva presents circular and longitudinal visceral muscles which form smooth cell layers that cover the gut (Fig. 7B,C) . In mutant larva (Fig. 7E,F) , the visceral muscles separate from each other and then, the maintenance of muscle normal elongated shape is altered. Nuclei also transform from an elongated to a spheroidal morphology (Fig. 7F) .
Adult phenotype
The apodemes in the legs, sometimes called tendons, extend through the joint connecting the adjacent segments and attach to muscles in the proximal segment. In a significant proportion of the adult mutant without heat-shock (Fig. 8B) , the leg tendon is absent. For control, a wild type fly is shown in Fig. 8A .
Discussion
In this report, we have studied the embryonic development of Drosophila transformed with a partially truncated (del lines) or antisense Dcgl gene under heat-shock promoter control. In these two different Dcgl gene 'inactivation' approaches, expression of transgene induces perturbation of myogenesis, principally in myotendinous junctions. These phenotypes are probably attributable to a decrease in the cell-matrix or cell-cell adhesions. These phenotypic disturbances are related to a decreased level of collagenous protein. Results presented in this paper give good evidence of an inverse relationship between the proportion of non-hatching embryos and the amount of total collagen in the different transformed lines. It should be noticed that in the absence of heatshock, the majority of the lines exhibit a significant decrease in hatching rate as well as in embryonic collagen content. This phenomenon is related to the moderate and variable expression of transgenic mRNA even in the ab- sence of heat-shock. These differential background expressions are probably induced by positional effects in different transformed lines. It is known that chromosomal localization of transgenic elements influences its expression (Spradling and Rubin, 1983; Laurie-Ahlberg and Stam, 1987) . The significant transgenic mRNA expression in the absence of heat-shock results in a level of transgenic mRNA relatively constant all along the development in spite of an increase of mRNA following heatshock procedure (data non shown). In addition, in spite of collagen turnover, the level of collagenous protein in the basement membrane is also globally decreased all along the development even in the absence of heat-shock.
After single heat-shock, in de1 lines, the amount of collagenous protein is largely decreased and, consequently, the percentage of unhatched embryos increases.
These data are in agreement with the increase in transgenie mRNA expression observed in these constructions after heat-shock. Such an increase of mutant phenotype percentage is only significantly observed after a heat treatment on stage 12 embryos. Surprisingly, heat-shock treatment has no effect on antisense lines.
Furthermore, to investigate the dose-effect eventually induced by the addition of transgenic partially truncated or antisense Dcgl in fly, other embryos are transformed with the corresponding intact Dcgl gene (col line) or with Dcgl gene in sense orientation. In these lines, with or without heat-shock treatment, no significant alterations of phenotypic behaviour are detected, although there is transgene mRNA expression and an increase of total collagen content. These data suggest that alterations occurring in de1 lines and antisense lines cannot be simply at- tributed to an additive effect of the transposing collagen is depletion of the endogenous gene product. In addition, COPY. the severity of the defects, here estimated as the percentThus, with or without heat-shock, the major effect of age in hatching rate, is proportional to the quantity of type transgenic mRNA expression, in de1 and antisense lines, IV collagen. This study is of considerable interest due to the potential involvement of type IV collagen in myogenesis processes. The presence of type IV collagen from stage 12 to hatching, which is closely associated with somatic and visceral mesoderm (Le Parco et al., 1989 ) has suggested to us that this molecule is a participant in myogenesis. In of Development 58 (1996) 179-I 91 the present study, perturbation in the muscular pattern could provide additional clues to the function of collagen in several steps of myogenesis. In wild type embryos, the formation of the myotube-cell tendon desmosomal attachment begins with an extensive interdigitation of filopodia of the two cells. At about 13 h of development, small amounts of matrix material are observed and provide a developmental landmark in the formation of muscle attachment. Later in development, the accumulation of this fibrous material occurs very rapidly just prior to and during the first somatic muscle movements (Newman and Wright, 1981) . This description is in agreement with data concerning the spatio-temporal expression of type IV collagen in the Drosophila embryos (Le Parco et al., 1989) . The most dramatic abnormality in these collagen mutant embryos is a defect in the tendon cell-muscle junctions.
All of the somatic muscles detach from the epidermis and become spheroids. No evidence has shown if these perturbations are related to collagen or, more largely, to perturbations in the organization of the basement membranes. Null alleles for the gene encoding the substrate adhesion molecule laminin A (Henchcliffe et al., 1993) exhibit no obvious embryonic morphological abnormalities. It has been postulated that the loss of function of laminin A can be compensated in part by other components of the ECM. In this study, the absence of compensation by the other ECM molecules and the complete expressivity of this phenotype suggest that type IV collagen, in addition to its biological function, may act as the essential structural molecule. In these collagen mutant embryos, it is thus possible that the decrease in collagen content perturbs the extracellular matrix scaffolding necessary for the close contact between the cells.
It has been shown (Volk et al., 1990 ) that the formation of Z-bands requires an ECM ligand. In the collagen mutant embryos, the disorganized Z-band suggest that type IV collagen may be an essential factor to stabilize the Z-band.
The phenotype observed in the adults could be due also to similar perturbations of the myotendinous junction. The retraction of visceral mesoderm suggests that the visceral muscle attachments, from muscle to muscle, are also dependent on basement membrane integrity. These perturbations provide further evidence of the generalized cell-cell adhesion deficiency of these collagen mutants.
Concerning the larvae phenotypes, it had been shown that the ecdysis is a mechanical phenomenon where the old cuticle is stretched to accommodate the increase in surface area (Kaznowski et al., 1985) . In the present study, the non-increase in size of mutant larvae can explain the absence of ecdysis. Mutant larvae are abnormally short and barrel-podgy-shaped.
It is known that intersegmental muscles increase in size throughout development, parallel to the increase in body size (Bodenstein, 1950) . Therefore, it is possible that a decrease in locomotor activity and the failure of body growth could be explained by embryonic related muscle alterations and/or by a disturbance in the larval development of the intersegmental muscles.
It is possible that an insufficient amount of myoblasts fused to allow for functional muscle development. It has been shown that muscle size is directly correlated with the number of fused cells. In these present data, this could explain the absence of muscle development.
We cannot exclude that myoblasts fused; however, their further correct integration into myotubes failed to occur. Further investigations are currently in progress in order to elucidate the potential role of type IV collagen in these processes. The cellular receptors for type IV collagen in Drosophila have not yet been defined. No direct evidence connects collagen with integrins; however, the similarity of the phenotype observed both in integrin mutants (Newman and Wright, 1981; Volk et al., 1990) and in collagen mutants (present data) suggests a complementary nature to the functions of these two molecules. Del mutant embryos also present different abnormalities in structure other than muscles (Borchiellini et al., in press), namely perturbations in germ band shortening, dorsal closure and nerve cord condensation.
Mutations in the genes encoding the integrin subunits also exhibit the same perturbations, suggesting that these two molecules are involved in the same processes (Leptin et al., 1989; Brown, 1994; Brower et al., 1995) . Also, it has been postulated, by comparison of mys and if mutants, that PS integrin function is not mediated by a direct interaction between the two integrins, but via a component of the extracellular matrix (Brown, 1994) . The present data corroborate this hypothesis. From these different results, it is possible that, according to the investigated process, type IV collagen could act as a direct ligand for integrins and/ or that it could be involved in the positioning of other basement membrane macromolecule ligands susceptible to interact with integrins.
Experimental procedures
Transgene construction and generation of transgenic flies
Dcgl gene coding for type IV collagen (Le Parco et al., 1986 ) was modified to study collagen function during Drosophila melanogaster development.
I. 1. Modification of PZI 8U vector
SmaI site (position 271) present in the polylinker of PTZ18U vector was destroyed and a linker Not1 was introduced at the same position. This new vector was called PTZl8Not vector.
Mod&cation of PCaSpeR-hs vector
All Dcgl transgene constructions were cloned into the PCaSpeR-hs vector to permit their introduction into Drosophila genome by P-mediated transformation.
This Pelement contained an hsp70 promotor, multiple cloning sites and an hsp70 3' trailer. To clone the Dcgl constructions in sense orientation, the polylinker of PCaSpeR-hs vector was modified. The original XbaI site was destroyed and a new XbaI site was introduced into the original HPAI site.
Sense and antisense Dcgl constructions
To permit easier manipulation of Dcgl gene, Hind III restriction site at position -755 was destroyed and a new XbaI site was introduced at the same position, XbaI (-755)lBamHI (+5765) Dcgl fragment was cloned between XbaI and BamHI sites of the PTZl8Not polylinker, in positions 282 and 276, respectively.
This fragment contained the entire coding region of Dcgl gene without the 3' non-coding regions (between positions +5765 and +5947). The PTZl8Not vector, containing the insert, was cut by Not1 and XbaI restriction enzymes, and the XbaI/ Not1 fragment was subcloned into the normal or modified PCaSpeR-hs vector, giving rise to the sense and antisense transformation constructs. These two constructs contained the entire coding region of Dcgl gene in sense or antisense orientation under the control of the hsp70 promoter.
Other Dcgl constructions
The 5' non-coding regions of Dcgl gene, between Hind111 and PVUII sites, at positions -755 and +12, respectively, were deleted and a linker XbaI was ligated at position +12. XbaI (+12)/BamHI (+5765) fragment was cloned between XbaI and BamHI polylinker sites of PTZl8Not at positions 282 and 276. The PTZl8Not vector, containing the insert, was cut by Not1 and XbaI restriction enzymes and the XbaI/NotI fragment was subcloned between Not1 and XbaI polylinker sites of the PCaSpeR-hs vector, modified as previously described to permit sense configuration.
The NotI/XbaI fragment contained the entire coding region of Dcgl gene, without either the 5' regulatory regions (between -755 and +12 positions) nor the 3' non-coding regions (between +5765 and +5947 positions).
Another construction was cloned into the modified PCaSpeR-hs vector. The Not/Xba fragment was deleted to 800 bp, in the triple helicoidal region, between two EcoRV sites, at positions +2035 and +2887, respectively. The open reading frame was not altered by this deletion. This truncated construct (de/ construct) contained the partially coding region of Dcgl gene under the control of hsp70 promoter, as in the preceding construction.
Germ line transformation
Each construct was coinjected with A 2-3 (Robertson et al., 1988) into w-embryos. Different lines were obtained for each transformation construct. Three sense and four antisense transformant lines were obtained, as one co1 line and four de1 lines. Southern genomic technique using specific restriction enzymes (XbaI and EcoRI) shows that the transgene is inserted at different localizations in all the lines (data non shown). Thus, these lines correspond to independent events and are homozygous viable.
Induction of the transformed genes
To induce expression of the transformed genes, eggs were collected in 40 min periods from transgenic and wflies. Embryos were raised at 18°C. Stage 12 embryos (just before zygotic expression of Dcgl resident gene) were transferred into Eppendorf tubes and heat-shocked by submersion into a 37°C water bath for 30 min. Heatshocked w-embryos were used as controls for the general effects of heat-shock on embryonic development. At the end of the heat-shock period, the embryos were placed on applejuice plates and allowed to develop. For control, non-heat-shocked embryos, in all the lines, were placed in the same conditions to observed the percentage of non-hatching without heat-shock. Noneclosion percentage was shown as a mean of five layings of 100 embryos for each line (with or without heatshock).
Semi-quantitative PCR
Stage 12 embryos were heat-shocked as described previously. After 30 min at 18°C post-heat-shock, 30 embryos were frozen. For control, 30 embryos without heatshock, at an identical stage, were frozen in the same conditions. Total RNA was extracted from each line of frozen embryos (with or without heat-shock) using a 'Rapid total RNA extraction kit' (Tebu) according to the manufacturer's instructions. Total RNA (1 pug) in a final volume of 8 ,ul was denaturated at 65°C for 10 min and quenched on ice. cDNA was obtained using a 'First cDNA synthesis kit' (Pharmacia) in a final volume of 15~1 according to the manufacturer's instructions. In order to compare the ratio of transgenic mRNA to resident Dcgl mRNA in each line (with or without heatshock), an equal volume of cDNA was used for each quantification, using the appropriate primers. For the quantification of endogenous mRNA, two primers were used (Cl and C2). The first was specific to region +5265 to +5285 of Dcgl gene (5'-gtctctggattggcta cagt-3'), the second was specific to the 3' non-coding sequence of Dcgl gene at position +5905 to +5925 (5'-acatacgaccgaggctagtt-3').
This primer pair generates a 829 bp long DNA fragment.
For the quantification of all sense orientation mRNA transgenes (sense, co1 and de1 constructions), the cDNA mixture was mixed with two oligonucleotides (Cl and C3). The primer Cl was the same as that used in the preceding quantification (the region +5265 to +5285 was included in the Not/Xba fragment cloned in the PCaSpeRhs vector). The second primer was specific to hsp70 3' trailer (5'-cgaaacattcttatcagtctg-3').
This primer pair generated a 926 bp long DNA fragment.
For the quantification of antisense mRNA, primer C3, specific to hsp70 3' trailer (5'-cgaaacattcttatcagtctg-3'), and primer CAS, specific to 5' non-coding sequence of Dcgl gene (5'-gctatcaggccaatgttcta-3') were used. This primer pair generated a 660 bp long DNA fragment.
Before amplification, the reaction mixture was denatured at 94°C for 5 min. Amplification of cDNA was made in a DNA thermal cycler (Perkin Elmer Celtus) in a final volume of 50~ 1, in the presence of 0.5 ,Ki of [a-32P]dCTP (3000 Ci/mmol) and 1.25 U of Taq DNA polymerase (Promega). The amplifications were performed for 24 cycles under the following conditions: denaturation at 94°C for 1 min, primer annealing for 1 min at 55°C extension for 2 min at 72°C. PCR products were resolved by electrophoresis on 0.8% agarose gel and transferred to nitrocellulose membrane (Schleicher and Schuell). After transfer, the membrane was dried and exposed to X-OMAT AR film with intensifying screens at -80°C. Band intensity was measured with phosphoimager (Fujix BAS 1000). Amplifications were performed on serial dilutions of cDNA to verify that the signal obtained was a linear function of the input cDNA. Although the PCR amplification method was not truly quantitative, it allowed us to obtain a good appreciation of the fluctuations of the transgenic mRNA expression in response to the heat-shock induction. For mean values, these different quantifications were performed five times for each line, with or without heat-shock.
Collagenous protein quantification
Total collagen was estimated by determination of hydroxyproline according to Bergman and Loxley (1963) . Stage 12 embryos (transgenic and w-embryos) were heat-shocked. After 12 h at 18°C post-heat-shock treatment, 30 embryos of each line were pooled, rapidly homogenized, dialysed to eliminate non-polypeptidic hydroxyproline and hydrolyzed in 6 N HCI at 105°C for 24 h. Then, hydroxyproline was quantified by colorimetric assay. For control without heat-shock, total collagen was estimated on 30 embryos, in each line, at an identical stage. For mean values, these different quantifications were carried out five times for each line, with or without heat-shock. 4.5. Microscopy procedure 4.5.1. Light and electron microscopy Mutant embryos and larvae were injected with 2% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) and postfixed for 1 h in osmium tetroxyde in the same buffer, then dehydrated in ethanol and embedded in Araldite. Semithin serial sections were stained with Unna blue. Ultrathin sections were stained with uranyl acetate and lead citrate, and examined with an Hitachi H 600 electron microscope.
Scanning electron microscopy
The larvae were fixed as described by Grodowitz et al. (1982) . The internal organs were fixed for 1 h in 3% glutaraldehyde in D22 medium, and postfixed for 5 min in osmium tetroxyde in the same buffer at 4°C. After ethanol dehydration, the samples were critical-point-dried, coated with gold and examined with a Jeol JMS 35 scanning electron microscope.
